T cell depletion due to (a) chemo-or radiotherapy for the treatment of cancer; (b) myeloablative chemotherapy prior to bone marrow transplantation; (c) immunosuppressive treatment to avoid transplant rejection; or (d) HIV infection can be quite prolonged. These patients may be susceptible to life-threatening viral infections and opportunistic and virus-induced cancers for longer periods of time. Moreover, given the increasing numbers of aged individuals in the human population, age-related loss of immune function is a significant and growing clinical problem. Loss of thymus function and decreasing de novo naive T cell production during aging may be the main cause for failing immunity in the elderly (1, 2) .
Peripheral, homeostatic T cell proliferation may compensate for decreasing and insufficient thymic production of naive T cells but does not broaden the TCR repertoire. Since for proper T cell reconstitution, influx of recent thymic emigrants into the T cell pool is required to maintain the naive and memory T cell pool and the TCR repertoire, homeostatic proliferation may result in accelerated aging of the T cell pool, as reflected by limited TCR diversity, loss of T cell function, and cellular senescence (3) .
Loss of thymic export as a predominant source of T cell neogenesis with age has been formally proven in the mouse (1) . In humans, the association between thymic atrophy and the decline of naive T cell numbers and TCR rearrangement excision circle (TREC) frequency with age is well documented (1) . TRECs are stable DNA circles that are excised from T cell germline DNA to allow for TCR formation during early T cell development. Briefly, early in T cell neogenesis within the thymus, during TCR generation and rearrangement, the TCRd locus (TRD@) is excised from within the TCRa locus (TRA@). This excision generates a circular episomal DNA fragment known as a TREC (Figure 1 ). Thymic emigrants have high concentrations of TRECs, which upon cell division are not replicated but are gradually diluted with every round of division. Increase in TREC density and number has become an accepted indicator of thymic function. Thymic output has been found to be directly related to thymic cellularity (4), but in the mouse there is no evidence for rebound of thymic output as a homeostatic response to severe depletion of the peripheral T cell pool. In humans, evidence for thymic rebound has been claimed based on increased thymic mass or exceedingly high TREC frequencies observed during immune reconstitution. However, this issue remains controversial (5).
Causes of thymic atrophy
Gradual, age-associated thymic atrophy is believed to be caused by declining levels of several hormones, including human growth hormone (GH) and its mediator IGF-1, as well as the cytokine IL-7 (1). In the mouse, a relationship between IL-7 and thymic T cell output, as well as between IL-7 and peripheral T cell division, are well established (6) . Studies in humans and nonhuman primates, however, have mainly shown effects of IL-7 on peripheral T cell division (7) (8) (9) . GH is produced by a large variety of cell types, including thymocytes, thymic epithelial cells, and mature lymphocytes. Administration of GH and GH-inducing compounds or proteins, including ghrelin, to enhance or restore thymic histological architecture, cellularity, and function has been studied mainly in the mouse (10) . Interestingly, these studies show that under normal steady-state conditions, GH and IGF-1 are not required for and do not have a positive effect on T cell development or thymic output but do have a beneficial effect under conditions of stress such as viral infection, inflammation, T cell depletion, and thymic atrophy (7) . In mice, GH administration increased thymic cellularity but was also found to be antiapoptotic and to promote T cell proliferation in recipients of allogeneic HSC transplants (11) .
Due to the existence of clinical conditions characterized by slow T cell production rates, therapeutic approaches that restore thymic function through administration of GH, IGF-1, or IL-7, or combinations of these three or other agents, are highly desirable. As of this writing, only short-term clinical studies in the mouse have been performed (1), and little data are available on the effects of GH and IGF-1 on the immune system in humans, for which each has mainly been used for the treatment of children with short stature (12) . Lack of clinical trials may be related to the very short half-life of recombinant GH (rGH). Daily injections are required and long-term treatment may be necessary in order to have a significant impact on the T cell pool. Lack of clinical trials may also be related to the well-documented adverse effects of GH treatment, including arthralgia and glucose intolerance.
In this issue of JCI, Napolitano et al. report, in an elegant and well-carriedout prospective, randomized, open-label study, a clinical trial with 22 HIV-1-infected adult patients receiving highly active antiretroviral therapy (HAART) who also received daily subcutaneous injections of rGH for six months (13) . Previously, these authors examined the effects of rGH on the thymus of HIV-1-infected adults who were receiving GH as part of a lipodystrophy study (14, 15) . In this earlier study, Napolitano et al. observed increased thymic mass and moderately increased numbers of naive CD4 + T cells, which led them to conclude that rGH administration had brought about a reversal of thymic atrophy and that de novo T cell production could be induced (14) . In the current JCI study (13), Napolitano et al. confirm and extend these previous studies, via the use of more refined T cell phenotyping and TREC analyses, in order to determine the source of the increase in naive T cell numbers in these HIV-1-infected individuals receiving HAART and rGH (Figure 2 ).
Mechanisms of GH-induced T cell renewal
The major new finding in the current study (13) is that naive T cell gain in these individuals was not solely due to de novo thymic T cell production, but to a large extent derived from peripheral naive CD4 + T cell expansion. This is based on the finding that despite clear increases in thymic mass, in truly naive CD4 + T cell numbers, and in TREC frequencies in unfractionated PBMCs, a decrease in TREC frequencies in naive CD4 + T cells was observed. If all newly produced naive CD4 + T cells were recent thymic emigrants, with the characteristic relatively high TREC content, one would have expected clear increases in naive CD4 + T cell TREC frequencies, especially when baseline naive T cell counts were low (5) (Figure 2B ). On the other hand, if the naive CD4 + T cell gains were completely due to peripheral T cell expansion, this would have diluted the TREC content in naive CD4 + T cells and PBMCs ( Figure 2C ). Thus, the observed effect of rGH on naive CD4 + T cell numbers and TREC content strongly suggests that both pathways of T cell production - de novo T cell production in the thymus and peripheral T cell division - contributed to the enhanced naive T cell generation in these individuals ( Figure 2D) (16) . These observed effects of rGH administration on peripheral T cell production are in line with the data obtained following GH administration in different murine models (1, 7) .
In their current study, Napolitano et al. (13) emphasize the observed GH-associated increases in thymic mass, but since this increase was measured by CT scan, further evidence will need to be provided to confirm that this is the result of actively increased thymopoiesis. The concurrent increases in numbers of naive T cells in the periphery are not necessarily due to an increased number of thymic emigrants, since it has been shown that increases in thymic mass and cellularity may derive from infiltrates of mature peripheral T cells and adipose tissue that fill the perivascular space (17) .
Although the current analyses of the effects of rGH treatment are very extensive, future studies should include analysis of absolute increases in TREC numbers in order to corroborate the contribution of the thymus, as well as an analysis of the ratio of absolute naive CD4 + and CD8 + T cell gains, which if indeed thymus-derived should reflect the classical CD4 + /CD8 + T cell ratio of 3:1 of recent thymic emigrants. Given that lack of TCR diversity is considered a reason for failing immunity in HIV-infected patients (18) and that only de novo T cell production from the thymus can increase TCR diversity, it will be essential to analyze the effect of GH on TCR repertoire in future studies. The contribution of peripheral T cell proliferation and survival might be further supported by measurement of Ki67, a cell cycle-related nuclear protein expressed by proliferating cells in all phases of the active cell cycle, and apoptosis measurements.
Napolitano et al. (13) clearly show that increased GH levels can improve thymic function, but these effects were only temporary. If GH treatment also promotes T cell survival, cessation of treatment might decrease T cell lifespan and cause a drop in T cell numbers. Although it is not easy to deduce from the
Figure 1
Generation of TRECs. During thymopoiesis, the genes encoding the variable and constant regions of the TCR-a chain are being rearranged. This is accompanied by the deletion of the interspersed TRD@ and the formation of an episomal DNA excision circle (TREC) which can be detected and quantified by PCR.
reported data that the increase in peripheral T cell gain was sustained after cessation of GH treatment, the combined data suggest that this may indeed have been the case.
Eligibility for GH treatment GH treatment involves daily injections and does carry a risk for serious side effects, and this therapeutic approach therefore calls for careful consideration. A better understanding of the underlying mechanisms of T cell gain will help identify patient groups that might be eligible and benefit most from this approach. Absolute TREC gain is regarded as the measure for thymic output, and it would thus be of interest to identify baseline predictors for absolute TREC gain. Although Napolitano et al. (13) report a larger gain in thymic density in patients with higher baseline CD4 + T cell counts or higher baseline IGF-1 levels, and a larger gain in thymic volume in patients with higher baseline GH levels, the meaning of these observations is unclear, since these data were not related to absolute TREC increases. Once they are identified, baseline predictors for absolute TREC gain, in combination with baseline CD4 + T cell numbers and time on HAART, may well turn out to be useful criteria for selection among HIV-infected patients of
Figure 2
Elucidation of effects of rGH treatment on T cell and TREC dynamics in HIV-1-infected individuals. Effects of GH on thymic output and T cell proliferation have been described. Combined interpretation of T cell and TREC dynamics can be used to determine whether these effects contribute to increased naive CD4 + T cell numbers after rGH treatment in HIV-1-infected individuals. The figure exemplifies T cell dynamics (percentage of naive CD4 + T cells within the peripheral PBMC pool and number of naive CD4 + T cells) and TREC dynamics (TREC numbers and percentage of TREC-containing cells within the naive CD4 + T cell and PBMC population) prior to GH treatment (A) and different possible scenarios following GH treatment (B-D). Prior to GH treatment (A), the thymic production of naive CD4 + T cells shown is 2, and these cells divide 1 time in the periphery. This results in 4 naive CD4 + T cells (gray), which in total contain 2 TRECs. In scenario B, rGH is shown to only affect thymic output (4 naive CD4 + T cells). In scenario C, rGH is shown to only affect peripheral CD4 + T cell production (these cells are shown to divide twice in the periphery). In their current study in this issue of the JCI, Napolitano et al. (13) show that in fact rGH administration to HAART-treated HIV-1-infected adults concurrently affects both thymic output and peripheral naive CD4 + T cell proliferation, as shown in scenario D. The resultant effects include increased thymic production of naive CD4 + T cells and TRECs, an increase in the percentage of naive CD4 + T cells and TRECs within the peripheral PBMC pool, but decreased TREC frequency within naive CD4 + T cells.
those individuals that may benefit most from GH therapy. Although it may be risky to extrapolate data obtained from HAARTtreated HIV-1-infected individuals to other patient groups, the suggested contribution of peripheral T cell proliferation to naive T cell generation provides a treatment opportunity for elderly patients, in whom thymic recovery might be reduced.
In conclusion, the current study of the effects of GH treatment in humans, which seems long overdue, provides encouraging evidence of increased T cell renewal (13) . However, before wider clinical application can be considered, the mechanism and long-term immunological and clinical benefits of this approach need to be thoroughly investigated.
